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Abstract

Plants have been used as the main source of phytochemicals with nutri-
tional, medicinal, cultural and cosmetic applications since times immemorial.
Nowadays, achieving sustainable development, global climate change, restricted
access to fresh water, limited food supply and growing energy demands are
among the critical global challenges faced by humanity. Plant cell culture tech-
nology has the potential to address some of these challenges by providing effec-
tive tools for sustainable supply of phyto-ingredients with reduced energy, carbon
and water footprints. The main aim of this review is to discuss the recent trends
in the development of plant cell culture technologies for production of plant-
derived substances with application in food products and cosmetic formulations.
The specific technological steps and requirements for the final products are dis-
cussed in the light of the advances in cultivation technologies used for grow-
ing differentiated and undifferentiated plant in vitro systems. Future prospects
and existing challenges of the commercialization of plant cell culture-derived
products have been outlined through the prism of the authors’ point of view. We
expect this review will encourage scientists, policymakers and business enter-
prises to join efforts for speeding-up the mass commercialization and popular-
ization of plant cell culture technology as an eco-friendly alternative method for
sustainable production of plant-derived additives with application in food and
cosmetic products.
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hasbeen a remarkable advance in the development of plant
cell culture technologies used for production of active

Plant cell cultures are capable of synthesizing a large array
of phytochemicals which are used as pharmaceuticals,
food additives and cosmetic ingredients. Although most
researches have focused on the production of pharmaceu-
tically important compounds, over the past decade there

cosmetic ingredients or food additives [1-3]. Large-scale
cultivation of undifferentiated and differentiated plant cell
cultures is linked to several difficulties of technological,
economic and legislative nature. However, in vitro growth
of plant cells, tissue and organ cultures under a controlled
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environment is the most promising eco-friendly technol-
ogy for sustainable supply of valuable phyto-ingredients
even by rare, endemic, protected, threatened or endan-
gered plant species. Plant cell culture technology has the
potential to meet the continuously growing demand for
bioactive natural compounds in the near future. Currently,
when choosing their foods and cosmetics, most people
prefer to use natural products with low ecological foot-
prints. In line with this tendency, the last few years have
seen an exponential increase in the number of cosmetics
with active substances obtained by plant cell culture
technology [3, 4]. The intensive search for innovations
and development of new products with multiple specific
activities are the driving forces behind the rapid progress
in the development of plant cell culture-derived active
ingredients for the needs of the cosmetics industry [4].
With their multiple biological activities, plant cell culture
extracts are extremely desirable due to the fact that they
are a unique mix of secondary and primary metabolites
occurring naturally in plant cells [1]. Moreover, the final
cosmetic formulations usually contain active ingredients
in minor concentrations, which allows the production of
plant cell extracts in small volumes at reasonable prices
that cover production costs. However, a look at the food
market reveals that there are very few examples of plant
cell culture-derived products. In general, the food industry
operates with large volumes of raw materials, hence large-
scale production of plant cells is mandatory to respond
to this demand. In this case, the desired price of the
final product, which should be as low as possible, rarely
covers the production, labor and technological equipment
costs. For example, some of the more optimistic pilot
products, such as Cocovanol™ by DianaPlantSciences
(the first plant cell culture-derived food additive granted
with GRAS approval status) and PhytoVanilla™ by ESCA
genetics corporation (the first patented biotechnology for
production of natural vanilla flavor by using plant cell
culture technology) are no longer on the market.

The aim of this review is to summarize the recent trends
in the developments of plant cell culture technologies for
production of plant-derived substances with application in
foods and cosmetic formulations with a special focus on
the latest innovations in the field.

2 | CULTIVATION OF PLANT CELL,
TISSUE AND ORGAN CULTURES WITH
EMPHASIS ON THE PRODUCTION OF
ACTIVE INGREDIENTS FOR FOODS AND
COSMETICS

Cultivation of plant cell, tissue and organ cultures in
a controlled aseptic environment is a well known and
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widely exploited technology for production of biologically
active plant-derived secondary metabolites for the needs
of pharmacy [5-7]. Even though the titer of biologically
active secondary metabolites is normally low in plant
cells, they can be engineered to increase yields or tar-
get compounds [2, 5]. Moreover, plants readily undergo
genetic transformation, which could grant them the abil-
ity to produce heterologous proteins of pharmaceutical
importance [8, 9]. As a result, the strategy for “molecular
farming” has been employed for mass production of vari-
ous pharmaceuticals by using genetically modified plants
and plant in vitro systems [9-11]. For example, the first
plant-made antibodies tested in a clinical trial were com-
mercialized by Planet Biotechnology Inc (https://www.
planetbiotechnology.com/index.html) [11]. The company
used transiently and stably transformed tobacco plants
to produce DPP4-Fc, an immunoadhesin for the treat-
ment of MERS-CoV coronavirus infection and CMG2-
Fc (PBI-220), an immunoadhesin for the treatment and
prevention of inhalational anthrax. Another example is
the production of Elelyso® (taliglucerase alfa) in trans-
genic carrot cell suspension by Protalix BioTherapeutics,
Inc. (http://protalix.com/technology/procellex-platform/)
[10]. Elelyso® is the first biotherapeutic expressed in plant
cell suspension, which was approved by regulatory author-
ities around the world for long-term enzyme replacement
therapy for patients with a confirmed diagnosis of type 1
Gaucher disease.

However, in contrast to the expression platforms used
for the production of biotherapeutics for human pharma-
ceutical use, plant cell, tissue and organ cultures used for
production of foods and cosmetic ingredients should not
be genetically modified, since consumers are very sensitive
to the presence of GMO. Following the modern perception
of the concept of healthy lifestyle, the foods and cosmetics
of the highest quality should meet the requirements for
natural, GMO-free, bio-, vegan, eco-friendly, and organic
certificates. Moreover, the plant species used for initia-
tion of in vitro cultures should belong to the edible or
medicinal and aromatic plants, preferably with affirmed
GRAS (generally recognized as safe) status. The plant
cell culture technologies used for production of foods and
cosmetic ingredients follow the same principles, with the
only differences found in the working volumes and down-
stream processing of culture liquids [1]. Depending on the
specific demands, the food industry requires much bigger
amounts of final products than the cosmetic industry,
where the plant cell culture-derived products are usually
added in minimal concentrations and serve as active
ingredients [1]. It is obvious that plant cells, when applied
in human diet, cannot be used as an energy source but
rather as additives and supplements, which can increase
the nutritional value and health beneficial effects of
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FIGURE 1 General steps in development of plant cell culture
based technologies for production of foods and cosmetic ingredients

existing food products. The biosynthetic potential of both
types, undifferentiated and differentiated plant in vitro
systems, can be exploited to supply the target amounts of
plant cell biomass with the desired phytochemical pattern
(Figure 1). Here, monitoring of genetic stability, metabo-
lite profiling and omics approaches (transcriptomics,

proteomics and genomics) are essential for the selection
of high-producing lines. Once the production lines have
been selected, the next step is optimization of the process
conditions [12-14]. Different mathematical approaches,
including factorial design, response surface methodology,
and the newly developed artificial intelligence models, in
combination with optimization algorithms can be applied
to maximize the system productivity [15-17]. An additional
increase in yields can be achieved by using elicitors, a
specific type of light source, precursors feeding or modern
immobilization strategies [5, 18-24]. Some examples of
recently commercialized food additives and cosmetic
ingredients obtained by plant cell culture technology are
presented in Table 1. A detailed review of more products
could be found in recently published papers [1, 3, 4, 25].

2.1 | Undifferentiated plant in vitro
systems

Pluripotent cells in plants could be found in three major
stem cell systems: shoot apical meristem, root apical
meristem, and cambium. Interestingly, most of the differ-
entiated plant cells are able to de-differentiate and return
to a proliferative pluripotent state [26]. This phenomenon
is the basis underlying the strategy for development of in
vitro cultivation platforms for mass production of undif-
ferentiated plant cells [1, 2]. These expression platforms
could be realized by propagation of de-differentiated
callus cultures, cell suspension of de-differentiated plant
cells and cell suspension of cambial meristem stem
cells. Here it is important to note that most of the active
cosmetic ingredients referred to as “Plant Stem Cells”
are actually obtained by cultivation of de-differentiated
plant cells [3, 4]. There are only few products based on
cultivation of cambial meristem stem cells [3, 4, 18, 25].
Although cambial meristem stem cells show fast uniform
growth and high genetic stability, the level of secondary
metabolites in cells remains low and stimulating strategies
such as elicitation and two-stage cultivation should be
applied to increase the overall system productivity [18, 19].
Currently, most of the cosmetic ingredients obtained by
plant cell culture technology available on the market are
based on cultivation of de-differentiated callus cultures
or de-differentiated plant cell suspension cultures [3, 4].
In vitro cultivation of plant cell suspensions in liquid
medium can be easily scaled-up in various bioreactor
systems, whereas the propagation of callus cultures on
solid or semi-solid medium is a slow, costly and laborious
process, which requires large production areas. It is
noteworthy that in contrast to the rapidly growing num-
ber of commercialized active cosmetic ingredients, the
progress in the development of food additives produced by
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cultivation of undifferentiated plant cell cultures is rather
slow [13]. Recently, fresh and freeze-dried cell cultures
of three berry species (Rubus chamaemorus L., Rubus
saxatilis L. and Vaccinium vitis-idaea L.) have been eval-
uated for their nutritional values and potential use as
food [27]. It was demonstrated that all cultures tested
exhibit similar nutritionally valuable compounds, colors,
visual appearance and sensory characteristics as those
of the respective fresh berries. The authors reported that
freeze-dried cells have better digestibility properties and
melt quickly in the mouth [27]. Recently, Teupol, released
by ABResearch Srl, has become the first plant cell culture-
derived botanical ingredient approved in Europe as a
food supplement (substantial equivalence). The company
launched another two products, Echinan 4P and Acteos
10P, authorized as Novel Foods under the EU Regulation
(Table 1).

2.2 | Differentiated plant in vitro systems
Different plant tissues and organs can be isolated and
cultivated under a controlled aseptic environment which
supports their fast growth and maintains high levels
of cell differentiation and tissue organization [6, 28,
29]. This involves in vitro cultivation of seedlings, stem
cuttings, nodal segments, shoots, normal, adventitious or
transformed “hairy” roots, somatic embryos, etc., widely
known as differentiated plant in vitro systems. In contrast
to undifferentiated plant in vitro systems, differentiated
cultures are characterized by better genetic and biosyn-
thetic stabilities and ability to produce and accumulate
higher concentrations of certain specific metabolites
whose biosynthesis occurs in specific plant tissues [6, 29-
31]. On the other hand, mass propagation of differentiated
plant in vitro cultures is a costly and laborious process
which requires specialized and expensive equipment [28,
32, 33]. Moreover, where the target products obtained
by cultivation of differentiated plant in vitro cultures
are intended for use as food or cosmetic ingredients, the
fast growing transformed “hairy” root cultures are not
recommended as a choice for production systems because
of customers’ concerns about their “natural” status and
safety [34]. Currently, there are only few examples of
commercialized food or cosmetic ingredients obtained by
cultivation of differentiated plant in vitro cultures [1, 3].
The most successful example is the large-scale production
(35to 45 tons per year) of ginsenosides (triterpene saponins
applied in functional foods and cosmetics) by cultiva-
tion of Panax ginseng adventitious root culture, which
has been realized in South Korea by the CBN Biotech
Company [34].
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3 | BIOREACTOR SYSTEMS USED FOR
LARGE-SCALE PRODUCTION OF FOODS
AND COSMETIC INGREDIENTS BY
PLANT CELL, TISSUE AND ORGAN
CULTURES

To be cost-effective, commercial production of plant cells
or tissue biomass requires scale-up of the process to the
necessary volumes which can ensure a continuous sup-
ply. In this aspect, various bioreactor systems modified for
growing undifferentiated or differentiated plant in vitro
cultures can be adopted [28, 31-33, 35]. It is important to
note that if the products are intended to be used in cos-
metics, cultivation could be performed in small or medium
volume bioreactors, or even in a solid medium (in multi-
ple containers) or in small volumes agitated liquid medium
(in multiple shaking flasks), whereas, if foods are the tar-
get market, cultivation should be conducted in large vol-
ume vessels. For example, the red dye shikonin (a naphtho-
quinone compound used in foods and also as an ingredient
for the popular cosmetic product “biolipstick”) was com-
mercially produced by Mitsui Petrochemical Industries
Ltd. by developing a two-stage cultivation process of cell
suspension culture of Lithospermum erythrorhizon Siebold
& Zucc. in 200 L (growth medium) and 750 L (produc-
tion medium) stirred air-lift bioreactors [36, 37]. Another
food additive, ginseng roots, was produced by CBN Biotech
Company by cultivation of Panax ginseng adventitious root
culture in 1000 L balloon type air-lift bioreactors [15, 34].
In contrast, Mibelle Biochemistry, which was the first
company to introduce plant stem cells as cosmetic active
ingredients, used modified 50 and 100 L disposable wave-
bioreactors for producing their flagman PhytoCELLTECH
Malus domestica [1, 38]. Obviously, different types of biore-
actors need to be implemented depending on the type of
in vitro system and the nature of the ingredient produced.
However, for optimizing the initial investment made in
the equipment, disposable bioreactors as well as uncon-
ventional decisions such as temporary immersion systems
should be considered [14, 28, 31, 33-35, 38, 39].

4 | DOWNSTREAM PROCESS AND
PRODUCT FORMULATION

Safety is the most important step in the development of
active ingredients when used in foods or cosmetics. Plant
cell culture technology offers by default continuous pro-
duction of contamination-free plant biomass. However, it
should be noted that the post-processing of this biomass is
different if the final product is a food or cosmetic ingre-
dient. In cosmetics, even though most companies claim

to have “plant stem cells” in their products, they actually
produce extracts [1, 3, 40]. Extracts are acellular products
obtained by different methods. It is crucial for the cos-
metic industry that only safe and non-hazardous solvents,
preferably of known natural origin, be used for extraction.
They can be rich in the target bioactive compound or group
of compounds, or they can be a bulk mix of disrupted
cells where the entire cell content is presented [1, 3]. On
the other hand, when the product will be used as func-
tional food or food additive, the texture is essential and
in addition to acellular extracts, cellular products could
be more desirable [41]. Several types of cellular food addi-
tives obtained by plant cell culture technology, immobi-
lized cells in alginate or agarose beads, structured “pat-
ties,” structured and dried “crisps” have been proposed but
are still far from commercialization [27, 41]. Recently, with
the advancement of 3D printing technology, new horizons
in the development of flesh-like printed cellular products
have been produced by using developed food-inks contain-
ing live plant cells and alginate or pectin matrix [42, 43].

5 | CONCLUDING REMARKS

In the last few years, plant cell culture technology has
gained the attention of modern food and cosmetic indus-
tries. The growing interest is driven by the search for
alternative sustainable sources of plant-derived natural
bioactive products with low ecological footprints. How-
ever, in contrast to the exponentially growing number of
commercialized cosmetic ingredients, the plant cell cul-
ture products used as food supplements are still limited.
Currently, there are many bioreactor designs available,
which can ensure cost-effective large-scale production
of both differentiated and undifferentiated plant in vitro
systems. However, the development of high-productive
and genetically stable cell lines, their maintenance and
optimization of the cultivation conditions remain the
most expensive, laborious and risky tasks. On the other
hand, registration, certification and compliance with the
national legislative requirements are additional costly
and time-consuming procedures, which can slow down
product realization. However, the advances in extraction
procedures (including application of recently developed
natural deep eutectic solvents (NADES) as green solvents)
and 3D printing can open new horizons in the develop-
ment of high quality food and cosmetic active ingredients
based on in vitro cultivation of plant cells and tissue
cultures.
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